Purpose: To highlight the variations in published definitions of hypotony and their impact on reported clinical outcomes. To propose a revised definition, focusing on clinically significant hypotony (CH). Methods: Literature review of hypotony definitions published between January 2010 and December 2015 was carried out. Numerical definitions for hypotony, its onset, duration and associated clinical signs were recorded. Each definition was applied to surgical outcomes data collected prospectively from a cohort of 300 glaucoma patients treated at a single centre. The sensitivity and specificity of each definition in identifying CH [defined as low intraocular pressure (IOP) with signs of maculopathy hypotony and choroidal detachment] were calculated. Results: A total of 128 eligible papers were identified, and 14 different definitions for hypotony were extracted. In 53 (41.4%), hypotony was not defined. In the remaining 75 (58.6%), the numerical definitions varied between 4 and 8 mmHg, and of these, 24 (32%) included the onset and duration of hypotony as part of the definition. Definition-dependent hypotony rates within the cohort varied between 1% and 59.3%. No statistical differences were found between the groups based on corneal thickness or axial length. Clinically significant hypotony (CH) was identified in 37 (12.3%), with large differences in the sensitivity and specificity among published definition. Conclusion: Variations in defining postoperative hypotony can have a large impact on the reported success and failure rates among studies. There is a need for a more robust universal definition, focusing on clinically important signs, to allow better comparison between different treatment modalities.
Introduction
Glaucoma filtration procedures have become more complex and varied since the first trabeculectomy was performed in the late 1960s. The advent of antimetabolites such as mitomycin C (MMC) and 5-fluorouracil (5-Fu) has been reported to improve long-term outcomes of surgery by reducing bleb scarring (Katz et al 1995; Lama & Fechtner 2003) . However, their use is believed to have contributed to an increase in postoperative complications and hypotony rates (Beckers et al. 2003; Anand et al. 2006; Reibaldi et al. 2008; Palanca-Capistrano et al. 2009 ).
Hypotony is the term used to describe the intraocular pressure (IOP) as being too low in an eye, which can result in visual loss from choroidal effusion, maculopathy, optic neuropathy and cataracts (Stein et al. 2009 ). However, this numerical definition alone fails to address why many patients with numerical 'hypotony' have successful outcomes from their surgery, while other patients with comparable IOPs developed complications. Studies have shown that patient demographics such as young age, myopia and central corneal thickness (CCT) all have a potential role to play in explaining these differences (Stamper et al. 1992; Suñer et al. 1997; Nicolela et al. 2007) .
As a consequence of its potential effects on vision (transient or persistent), hypotony has been used as one of the criteria for failure following glaucoma filtration surgery (Gedde et al. 2012; Kirwan et al. 2013; Kuroda et al. 2014; Budenz et al. 2015) . Unfortunately, there is no standardized definition of hypotony in the literature, with variation in the numerical definitions used, variations in defining the onset and duration of hypotony and whether or not it is association with clinical signs such as maculopathy and choroidal detachment. It is therefore difficult to make a meaningful comparison of outcomes of success or failure between different studies, and in many cases hides whether transient or permanent visual loss has occurred as a consequence.
The aims of this study are as follows:
(1) To identify current literature-based definitions for postoperative hypotony following glaucoma filtration surgery.
(2) Demonstrate variations in calculated hypotony rates by applying each definition to surgical outcomes from a cohort of 300 patients.
(3) Identify literature and cohortbased characteristics of clinically significant hypotony (CH) that could lead to visual loss or require further surgical intervention.
(4) Use the definition of CH to calculate the specificity and sensitivity for each definition in identifying these patients.
(5) Develop an alternative and more clinically relevant definition for postoperative hypotony based on the outcomes of this study.
Materials and Methods
We began by carrying out a literature search on PubMed in April 2016 using the search terms glaucoma, hypotony, choroidal detachment and maculopathy. We reviewed all abstract published between January 2010 and December 2015. The review period was chosen to coincide with the period following the publication of the World Glaucoma Association (WGA) guidelines (2009). We were keen to explore how many of the studies adhered to the definition of hypotony suggested by the guidelines (Shaarawy et al. 2009 ).
We included studies relating to outcomes following deep sclerectomy, trabeculectomy and tube filtration surgery, either as single or combined procedures. Papers in which these procedures were used in the comparison arm of the study were also included. We excluded case reports, articles without abstracts and foreign language papers without an English translation. Papers exploring outcomes for minimally invasive glaucoma surgery (MIGs) or for laser treatment for refractory glaucoma were also excluded. The list of papers included in the literature review is shown in Appendix 1.
For each study that met the inclusion criteria, we extracted the numerical definition of hypotony based on IOP. The onset of hypotony (early or late), its postoperative duration and the incidence of hypotony-related complications [shallow anterior chamber (AC), choroidal detachment/effusion and hypotony maculopathy] were also recorded.
We then set out to demonstrate the clinical impact of these published definitions on the reported rates of hypotony. To achieve this goal, we applied each definition to data collected as part of an ongoing prospective audit comprising of 300 consecutive trabeculectomy patients who were treated at the Queens Medical Centre in Nottingham. All of the patients within the cohort had undergone primary or redo trabeculectomies, using a fornix-based approach with releasable sutures, between January 2000 and June 2006. Follow-up for each patient spanned several years with most continuing to be seen to the present day. For each patient, we collected data relating to their glaucoma subtype, CCT, axial length and whether antimetabolites were used. Intraocular pressures (IOPs) at each visit were also recorded using Goldmann applanation tonometry (GAT).
The cohort of patients was split into three groups:
• No hypotony • Numerical hypotony (NH) -Patients with and IOP ≤ 5 mmHg (using the WGA recommendation as a benchmark) without clinical signs of hypotony.
• Clinically significant hypotony (CH) -patients with clinical signs of hypotony irrespective of IOP, or any patient requiring surgery to correct or prevent hypotony-related complications at any time after surgery.
For our definition of CH, we included patients with hypotony maculopathy and choroidal effusion/detachment in association with a low IOP. Although other signs were reported in the literature in association with hypotony, we chose to exclude shallow AC because in practice it was often difficult to identify and quantify, while the impact of hypotony on cataract formation was difficult to ascertain due to the retrospective nature of our study. Macular oedema was also excluded because in our practice it was always found in association with hypotonous maculopathy, while disc oedema was also always associated with other signs such as choroidal detachments.
For completeness and to ensure that all the studies meeting the criteria for inclusion were included, we carried out separate literature searches to include all the signs of hypotony that we chose to exclude. We found that the initial terms we used in our search were broad enough to include all complications associated with CH, and therefore, no new papers were identified.
We adopted a standard approach to identifying and recording CH over the data collection period, which reflected our normal clinical practice for postoperative assessment. All operated patients underwent weekly dilated fundal examination in the first postoperative month after surgery as part of their postoperative management. Following this period, patients with pressures <8 mmHg underwent further dilated examinations during subsequent visits up to a period of 3 months. Patients noted to have hypotonous maculopathy had a macular optical coherence tomography (OCT) scan performed which provided a baseline for subsequent assessment. Clinically detectable choroidals were monitored until their resolution was confirmed.
Once all the patients within our cohort with CH were identified, we were able to calculate the sensitivity and specificity for each published definition in identifying these patients.
Results
The literature search yielded 291 references in total using all the search terms either individually or in combination with each other. In 139, hypotony occurred following corneal or vitreoretinal surgery, uveitis, or following other treatment modalities for lowering IOP such as laser cycloablation or glaucoma angle stent procedures. These were excluded from the final analysis. The remaining 152 abstracts contained 13 papers without an English abstract and 11 case reports that were also excluded.
A total of 128 studies were included in the data analysis, and of those 53 (41.4%) did not define hypotony. In the remaining 75 papers the numerical definitions included: IOP <4 mmHg (3.9%), IOP <5 mmHg (18.8%), IOP <6 mmHg (32%), IOP <7 mmHg (3.1%) and IOP <8 mmHg (0.8%).
Our literature search identified a total of 14 different definitions (Table 1) . In 23 studies, hypotony was defined using a single postoperative episode of low IOP, 22 studies used two consecutive IOP measurements and in two studies, the definition was based on persistently low IOP spanning a period of several months. The remaining 28 papers defined hypotony numerically but did not specify its onset or duration.
Only 24 papers (18.5%) made a distinction between early and late hypotony (Table 2) . Of these, five used the WGA definition of 1 month, with over half of the studies using 3 months as the cut-off between early and late hypotony.
There was no mention of clinical hypotony in 26 (20%) of the papers we reviewed. In the remaining papers, choroidal effusion was the most commonly recorded sign and was mentioned in 62.3% of papers, followed by shallow AC (53.1%) and hypotony maculopathy (37%).
Cohort analysis
Data from 300 consecutive trabeculectomy patients, treated at Queens Medical Centre in Nottingham, was examined (Table 3) . We identified three subgroups within our cohort based on IOP and clinical evidence of hypotony. The groups were separated into a control group, a NH group and a group with CH.
The mean follow-up period for patients in our cohort was 73.3 months (AE38.7). Rates of hypotony varied between 1% and 59% depending on the numerical definition used, irrespective of possible sequelae (Table 1) . The WGA definition recorded a hypotony rate of 22% within our cohort.
Clinically significant hypotony (CH) affected 37 (12.3%) of the cohort, and of those, 10 (27%) required surgical intervention to reverse the hypotony. T-test analysis of the data from the three subgroups found no clinically significant difference in CCT and axial length between the current and the control groups (Table 4) . Despite having comparable IOPs, there was also no clinically significant difference found in axial length (p = 0.55) and CCT (p = 0.79) between the numerical and CH groups to explain the differences in their clinical outcomes.
Once we defined CH we were able to measure the sensitivity and specificity of each definition (Table 5) . Appendix 2 outlines the method of analysis. Sensitivity was highest among definitions using higher IOP thresholds or based on IOPs recorded early in the postoperative period. However, they tended to lack specificity as they often included cases of transient postoperative hypotony. Conversely, specificity was greater for definitions using IOPs measured late in the postoperative period, although these often lacked sensitivity because they failed to include early cases of persistent hypotony requiring surgical intervention.
Discussion
We identified 14 different published definitions for postoperative hypotony during our literature search. Only 31.5% of papers adhered to the numerical definition recommended by the WGA guidelines (IOP ≤5 mmHg). This is despite the study period literature review being conducted after the publication of the guidelines in 2009.
Intraocular pressure (IOP)-based definitions meant hypotony rates varied hugely within our cohort, ranging between 1% and 59%. The single biggest reason for this variation related to the numerical definition used, with lower numerical definitions reporting lower incidences of hypotony (IOP Acta Ophthalmologica 2018
versus IOP <8 mmHg = 59%). Variations in when postoperative IOP was measured also influenced recorded rates of hypotony. In previously published studies, many reported complete resolution of early postoperative hypotony (Chen et al. 2013; de Klerk et al. 2013; Khandelwal et al. 2015) , while other studies found rates of hypotony reduced between the early and late postoperative periods without the need for further surgical intervention (Rosentreter et al. 2010; Liang et al. 2014; Matlach et al. 2015; Satana et al. 2015) . These reflected our own findings (Table 1) , with hypotony rates lower in definitions using IOPs recorded later in the postoperative period.
A distinction between symptomatic and asymptomatic hypotony is arguably more important in determining surgical outcomes than a numerical cut-off for IOP. Only a small proportion of papers we reviewed attempted to make this distinction. Saeedi et al. (2014) categorized low postoperative IOP into transient, early and late onset. The definition of hypotony was only used in cases where low IOP also led to complications such as choroidal detachment, shallow AC or maculopathy. Shah et al.'s (2012) definition relied upon three factors: IOP <6 mmHg, signs of hypotony and the need for further surgery, and only those requiring further surgery were considered as failures.
We identified 37 patients (12.3%) within our cohort who developed CH, defined as low IOP with signs of hypotony maculopathy and/or choroidal detachment. Within this group of patients, 10 (27%) required further surgical intervention to treat hypotony and prevent further complication and visual loss. We found no statistical difference in axial length or CCT between our three patient subgroups to explain the difference in clinical outcomes.
Redefining hypotony as an outcome
Following our review of the recent literature on hypotony, the recommendations of the WGA guidelines and the results of our cohort analysis, we believe a revised and standardized definition of hypotony is needed to more accurately define those with sightthreatening hypotony. This will help clinicians to better stratify the risk of complication for patients, allowing a more meaningful explanation of sightthreatening risk and also enable a more meaningful comparison between different surgical interventions.
There has been much work carried out in the literature to identify the effects of hypotony on patients and how these can be used to define clinical outcomes. The WGA guidelines placed importance on postoperative visual acuity (VA) with 'failure' defined as loss of light perception as a result of glaucoma surgery. However, we found changes in VA in our cohort lacked specificity for hypotony and were subject to confounding factors such as underlying ocular pathology (cataracts, retinal pathology or advanced glaucoma), postoperative astigmatism and ocular surface changes resulting from the use of antimetabolites and intensive topical therapy.
The formation of cataracts has also been well documented in the literature as a complication of hypotony (Yun et al. 2015) . We found the long duration of our study and our ageing group of patients often made it difficult to ascertain the true impact of hypotony on rates of cataract formation within our cohort. In addition, trabeculectomy surgery has been shown to accelerate cataract formation even in the absence of hypotony.
Although a shallow AC is one of the most commonly reported affects of hypotony, we found from our data that it was often poorly reported and never described or measured in a way that was consistent or that could be quantified. We also did not find any isolated cases of shallow AC within our cohort, with all cases also exhibiting other signs of hypotony.
Based on our findings, we chose to exclude vision, cataract formation and shallow AC from our revised definition of CH. Instead we chose to base our definition on signs that could be readily identified, evaluated and monitored, such as choroidal detachment and maculopathy, as we believe these would help to better guide clinicians in deciding whether further surgical intervention would be needed to reverse CH and prevent potentially sight-threatening complications.
Appendix 3 shows a detailed breakdown of patients within our cohort who were identified as having CH. Almost all of the patients had an IOP of <8 mmHg, with 75.7% (28) of cases occurring within 1 month after surgery, in keeping with the WGA definition of early hypotony. This early group also contained the majority (70%) of the patients that required further surgical intervention to reverse We applied this definition to our cohort of patients and identified 33 of the 37 patients with CH. The definition had a sensitivity of 89.2% and a specificity of 100%, and overall was more accurate than current published definitions, (Table 5) .
Our study's main limitation is its design because the cohort data was collected as part of an ongoing audit that was not specifically designed to evaluate hypotony. There is also some missing data for CCT and axial length, which may limit our ability to evaluate the effect of these factors.
The publication of the WGA guidelines in 2009 was an acknowledgement of the importance of consistent reporting of glaucoma surgical outcomes, and an important step towards standardizing data collection and analysis following glaucoma filtration surgery. Although an IOP ≤5 mmHg was suggested as a potential numerical cut-off for hypotony, the guidelines main purpose was to highlight the risk factors that can potentially lead to a 'nonphysiological IOP' or what we have referred to in this paper as CH. We have attempted to use the recommendations set out and the findings of our study to propose a more standardized definition.
Conclusion
There are a wide variety of definitions of hypotony currently used in the literature. Many of these are simple numerical definitions in isolation, which fail to define the onset and impact of hypotony on a patient, and fail to take into account of each patient's underlying risk factors for developing CH.
We believe that the new standardized definition we have proposed helps to shift the focus from defining hypotony based on numerical values alone and place the emphasis on signs of clinical importance. Our definition prevents over-reporting of postoperative hypotony by allowing time for mild and transient cases to resolve spontaneously, and highlights cases requiring further surgical intervention to correct hypotony early in the postoperative period. The definition should therefore allow clinicians and researchers to make more accurate comparison between different surgical interventions and reported study outcomes.
